worked, as well as weldments. These specimens have been irradiated in the High FIux Isdope Readar (HFIR) at ORNL. To date, three capsules have been designed, fabricated, and irradiated to dose levels of approximately 3 dpa; this approaches the expected accumulated dose at the end of the Basic Performance Phase of operation of ITER. The helium concentration generated as a result of transmutation of nickel was about 50 appm; this is in the range expected for the ITER first wall blanket and shield structure after a neutron exposure of about 3 dpa. These capsules were designed for irradiation temperatures of either 60 to 125°C (capsules HFIR-WE-3P-18 and -19) or 250 to 300°C (HFIR-MFE-JP-17) [l-31. These temperatures covered the expected range of operating temperatures for stainless steel components in different ITER designs. All of the capsules have been successfully irradiated and disassembled. Some of the results of earlier testing have already been reported [4, 5] . This paper presents the final results for all of the fracture toughness tests.
EXPERIMENTAL PROCEDURE
Four major alloy types were included in this experiment: American and Japanese type 316 steels (designated US316 and J316, respectively), a European type 316L steel (EC316L), and the JPCA alloy. The compositions of the alloys are given in Table 1 .
Specimens were in solution annealed (SA), cold-worked (0, or welded conditions. The J316 material was also tested after a thennomechanical treatment in which it was strained, aged, and recrystallized (SAR). There were a total of 12 variants of the austenitic materials in composition and thermomechanical treatment. The EC316L was welded using 16-8-2 filler metal (see Table 1 ) and gas tungsten arc (GTA) welding with argon cover gas. Both the plate and the filler Wire were provided by Joint Research Centre-Ispra from the European Fusion Stockpile. The JPCA and 1316 plate material were supplied by the Japan Atomic Energy Research Institute. The JPCA specimens were welded with filler wire with a composition similar to the base metal (see Table 1 ) for the GTA welding. The US316 material was an air-melted heat from the U.S. fusion program, reference heat X15893. Two ferritic-martensitic steels were also included in this experiment, HT-9 and F82H.
In order to utilize the HFIR target region for the irradiations, the specimen size was severely limited. Therefore, a small disk compact specimen was selected for the fracture toughness experiments. Techniques were developed for generating the J-integral resistance (J-R) curve using either unloading compliance (UC) or potential drop (PD) to monitor crack extension [6,7. Initial trials showed that either methad could be used to develop useful fracture toughness data from these small specimens [6-81. As a result of the success of the laboratory trials, it was decided to use the unloading compliance technique for testing the irradiated specimens.
The disk compact specimens [designated 0.18" DCO] were 12.5 mm in diameter by 4.63 mm thick. All specimens were fabricated from the middle of the thickness of the parent plates of material, w i t h the notch oriented so that crack growth would occur parallel . After disassembly of the capsules, the inserts in the individual specimens were pushed out of the loading holes using an arbor press and punch. The filler in the notch was removed with the aid of a hammer and a thinned screwdriver blade.
Tests were conducted in general a c w r h c e with American Society for Testing and Materials standards E 813-89, Standard Test Method for J,, A Measure of Fracture Toughness, and E 1152-87, Standard Test Method for Determining J-R Curves. The equations in E 1152-87 were used for the J calculations. The specimens were tested with a computerantrolled testing and data acquisition system [9] . Tests in the laboratory used an 89-kN capacity servohydraulic test machine. In the hot cell, a 445-kN capacity servohydraulic testing machine with a 22-kN load cell was used. All tests were run in strain control. The displacements were measured with an "outboard" clip gage that seated in grooves machined on the outer edge of the specimen along the load line [6,71. This arrangement provided very good load-displacement & UC results. Test temperatures from 90 to 250°C were maintained within &2"C of the desired temperature with a splitbox furnace that enclosed the specimen and the grips during the test. Temperature was monitored throughout the testing with a thermocouple that was held in contact with the specimen by a spring-loaded clip. Tensile data from specimens included in the capsules were used for calculations in the J-R analyses.' Estimated values were taken from literature data when necessary. 'Pawel, J. E., unpublished research, Oak Ridge National Laboratory, 1994. Materials with very high toughness and low yield strength, such as the annealed austenitic stainless steels, proved to be more difficult to test than material with lower toughness such as HT-9. The soft, tough materials showed enormous crack-tip blunting before stable crack growth began. This resulted in gross changes in the specimen geometry, and so the crack length predictions were nut very accurate. The J-R curve was much steeper than the calculated blunting line. In these cases, the data were used to calculate a blunting line. A straight line was fit by eye through the initial portion of the data points, and a second line was drawn parallel to the first but offset by an amount corresposlding to a crack extension of 0.2 mrn following ASTM E 813-89. The candidate toughness value J , was then determined from the intersection of the data with this offset line. In cases where the data rose very steeply, the test was terminated before there was enough crack growth to cross the second exclusion line (drawn corresponding to a crack extension of 1.5 mm as defined in ASTM E 813-89). As a result, no tearing modulus value could be calculated. Materials with lower toughness, such as the cold-worked austenitic stainless steels, behaved in a much more conventional manner. For these materials, the data followed the calculated blunting line quite closely, so no additional construction was required. These specimens also showed very good agreement between the measured and predicted final crack lengths.
RESULTS AND DISCUSSION
The results of the testing are given in Tables 2 to 6 . These tables also include the tensile values used in the analyses. Radiation increases the yield and ultimate tensile strengths, w i t h irradiation at 250°C causing a greater increase than at 90°C. The " K : = JG.
9 a t a from tensile ast from these experiments.
IS oriented so that crack growth was perpendicular to the rolling direction.
'PEW = Specime "CW = cold worked 20%. 
FIG. 8-Fracture toughness for ferritic-martensitic steels HT-9 (open symbols) and F82H (solid symbols).
with a IC, value of 150 MPadm ( Table 4) . The US316 material has the lowest toughness both before and after irradiation (Fig. 7) . This heat of material was air melted and contains an unusually high volume fraction of nonmetallic inclusions which are likely to promote rapid microvoid growth and coalescence.
The fracture toughness of the cold-worked material is generally lower than that of the annealed material, typically by about 75 to 100 MPadm, both before and after irradiation. One exception is the JPCA material irradiated and tested at 250"C, for which the annealed and cold-worked materials had almost identical toughnesses (see Table 4 ). In all cases, the fracture toughnesses of the cold-worked JPCA and J316 materials remain high. The US316 material, which had the lowest toughness of the austenitic steels in the solution annealed condition, also had by far the lowest toughness values of the cold-worked materials, about 65 MPadm. This material also had very low values of tearing modulus (Table 5) .
Electron beam welds of JPCA ( Fig. 2 ) proved to be very tough, both before and after irradiation. The JPCA GTA welded material had approximately the same toughness as the JPCA SA material (K, a 240 MPadm) after irradiation and testing at 90°C, while the JPCA EB-welded material had an even higher toughness.
The EC316L material contained a small volume fraction (-3%) of ferrite stringers running along the rolling direction of the plate. However, it was found that specimens with the crack propagation direction parallel to the direction of the delta ferrite stringers had essentially the same toughness as specimens with the crack propagation perpendicular to the stringer direction. These specimens are identified as "PERP" (since they were oriented perpendicular to the rolling direction) in Table 2 and Fig. 1. The J-R curves for specimens of EC316L, J316, and JPCA, all in the annealed condition, are shown in Figs. 9 to 11. The J3 16 material shows the smallest degradation in toughness and the JPCA alloy shows the greatest decrease. After irradiation, the J-R curves have a lower slope, which reflects the lower values of tearing modulus given in Tables 2 to 4. The toughness level decreases with increasing test temperature.
The fracture toughness of the ferritic materials is also reduced by these irradiations. The F82H alloy is more mistant to damage than the HT-9 material. Both of these alloys show high toughness at high test temperatures (250°C) with lower toughness at 25°C (Fig. 8) . The HT-9 specimen irradiated at 250°C fractured in a brittle manner when tested at mom temperature. The loaddisplacement trace was linear, and the value of the fracture toughness (31 MPadm) is so low that it satisfies the specimen thickness validity criteria for plane strain fracture toughness, despite the very small specimen size. The F82H specimen at 250°C and tested at 25°C also showed a lower toughness than when th=sted at w)"C, but the loaddisplacement curve showed considerable nonlinearity and the final fracture, although unstable, O C C U K~ at a high toughness level of 156 MPadm. 
Comparison with Literature Data
There are surprisingly little data available for comparison with these results. These stainless steel alloys are very tough, and so the fracture toughness is not usually a concern.
Odette and Lucas [lo-121, Tavassoli [13] , and Boutard [14] have recently surveyed the available data for the effects of low temperature irradiation (< 400°C) on the mechanical properties, including the fracture toughness, of austenitic stainless steels. There are very little data that are directly comparable to the present work, but the overall trend of the data shows that although irradiation reduces the fracture toughness, it still remains high, in agreement with the present results. A trend line of toughness versus irradiation dose is shown in Fig. 12 , adapted from the review article by Lucas 
290-430°C
" ' " " " ' " ' " " -FIG. 12--Trend line of fracture toughness versus irradiation dose in dpa, adapted from Lucas [22] , for a range of austenitic stainless steels, irradiation temperatures, and test temperatures. Also shown are data from the present work and results from Sindelar et al. [20] for comparison.
Huang and Hamilton [26] have summarized their work on the effects of irradiation on the toughness of HT-9. The limited results for unirradiated material show toughness values that decrease from 100 to about 50 kJ/m2 as the test temperature increases from 24 to 316°C. After irradiation at 55°C to 5 dpa, the toughness decreases to about 50 kJ/m2 for test temperatures from 25 to 205°C. This is very different from the present results, which show fracture toughnesses of over 400 H/m2 for unirradiated material tested from 25 to 250°C. The apparent reason for the difference is the different heat treatments used in the two investigations, as reflected in the very different yield strengths. The material tested by Huang was tempered at 750°C for 1 h, while the present work used 780°C for 2.5 h. As a result, the yield strength at room temperature for Huang's material was 621 MPa as compared to the present 476 MPa (see Table 6 ). The lower yield strength agrees with the higher toughnesses. After irradiation at 90°C to 3 dpa, the yield strength at 90°C for the material in the present work rises to 903 MPa, similar to the value reported by Huang of 954 MPa for material irradiated to 5 dpa at 55°C and tested at 93"C, but the toughness of the present material is still much higher (283 W/m2) than Huang observed (52 M/m2 at 93°C). 
Comparison of Results with ASTM Validity Requirements
It should be pointed out that nearly aII of the J-R data generated with this small disk compact specimen do not satisfy all of the validity requirements of the ASTM standards, and so, these data are not valid. ASTM E 1152-87 sets three limits based on the specimen size. The maximum J-integral measurement capacity is given by the smaller of If the crack length to specimen width ratio (a/W) is 0.5, these l i m i t s are identical, as b will equal B for this specimen, in this case. For nearly all of the data, the measured J-integral values greatly exceed this limit. Only the lowest toughness materials have J-integral values low enough to satisfy these conditions. However, there is another even more limiting condition. The maximum allowable crack extension is limited to 0. lb. For an initial a/W value of 0.5, which was the intent, the resultant maximum allowable crack extension is only 0.46 rnm, well short of the second exclusion line at 1.5 mm of crack extension. If the initial crack length is longer, as was nearly always the case, even less crack extension is allowed. Examination of the J-R curves in Figs. 9 to 11 shows that, for tough materials, these crack extensions are still on the blunting line, and stable tearing has not even begun to occur. Even for lower toughness conditions, Le. annealed JPCA material irradiated at 250°C (bottom of Fig. I l) , only a few of the data points are valid, and the bulk of the J-R curve is beyond the limit of validity. The values given in Tables 2 to 6 have been generated by using all the data between the fust and second exclusion lines to determine the curve fit for calculation of Jp, even though these data are not valid according
to ASTM E 1152-87.
It must be emphasized that the J-R data, despite being invalid according to ASTM E 1152, are not incorrect. The size limitations imposed are conservative, and the J-integral values are quite likely still true meaSures of the materials' toughness, as long as the limits are not exceeded by too great a margin. Previous work ['7] has shown that the 0.18T D C O specimens gave results similar to data from 12.7-mm-thick compact [0.5T C(T)J specimens for the US316 material, and Jitsukawa [25] found good agreement between data generated with the 0.18T DC(T) specimen and 10-mm-thick compact [0.4T C(T)] specimens for 15% cold-worked JPCA material. The J-R curves are applicable to structures of the same thickness as the specimens. Additional work is needed to provide more information about specimen size effects for these tough materials.
The J-R curves are of great value in elucidating the materials' responses to irradiation.
The J-R curves show how these materials are embrittled by irradiation as a function of irradiation temperature and damage level. They also show which materials are most resistant to embrittlement, and give an indication of the rate at which embrittlement will occur for the present irradiation and material conditions. These are very useful pieces of information for evaluating candidate structural materials for ITER applications.
CONCLUSIONS
Specimens of several austenitic stainless steels and two ferritic-martensitic steels have been irradiated in HFIR to about 3 dpa at nominal irradiation temperatures of 90 or 250°C. For the austenitic stainless steels, irradiation reduces the fracture toughness, and irradiation at 250°C is more damaging than irradiation at 90°C. The fracture toughness decreases with increasing test temperature, for all the austenitic materials. The annealed matefias have higher toughnesses than the cold-worked materials. The toughness of the aid-worked materials is still high, with the exception of the US316 material. The welds also have high toughnesses. For the femtic-martensitic materials, the specimens irradiated at 250°C and tested at room temperature fail in an unstable manner. The F82H has a higher toughness than the HT-9 alloy.
